Radioresistance is a major obstacle in radiotherapy for cancer, and strategies are needed
Introduction
Radiotherapy is a powerful and common tool for the treatment of cancer. In fact, it is estimated that about one-half to two-thirds of cancer patients receive this type of therapy [1] . Although it has many advantages including local tumor control, a large proportion of patients experience radioresistance and cancer recurrence [2] . It is therefore necessary to determine the mechanisms underlying radioresistance and identify new pharmacological strategies to improve the efficiency of radiotherapy.
Several mechanisms of radioresistance have been suggested, involving cancer stem cells (CSCs), apoptosis, reactive oxygen species (ROS), and DNA damage repair. Currently, radiotherapy combined with targeted therapy has become the focus of studies on
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Mechanisms of radioresistance
Ionizing irradiation (IR) induces cancer cell death via a series of processes. First, it induces water radiolysis, thereby generating ROS. Then oxygen provides unpaired electrons for radicals within the DNA molecule, resulting in the stabilization of IR-induced DNA damage. Damaged DNA or excessive ROS activates apoptotic signaling pathways in cancer cells, leading to cell death [6] (Fig. 1) . The success or failure of standard clinical radiation treatment is determined by the 4 R's of radiobiology: repair of DNA damage, redistribution of the cell cycle, repopulation of tumors, and reoxygenation of hypoxic tumor areas [7] . Thus, according to the process of IR-induced cell death, we conclude that radioresistant cancer cells protect themselves from IR by reducing ROS-induced damage including hypoxia, activity of the anti-oxidant system, and ROS scavengers, thereby enhancing DNA repair and increasing DNA damage tolerance mainly by activating intracellular pro-survival and antiapoptotic signaling pathways (Fig. 1 ).
Wnt signaling pathway
Wnt was first identified in 1982 [8] . Since then, an increasing amount of attention has focused on its functions. Wnt signaling is a key regulator of complex processes such as embryonic development, stem cell maintenance, tissue homeostasis, and wound healing. It is also closely associated with tumorigenesis. Wnt proteins are cysteine-rich and lipidmodified (palmitoylation). Palmitoylation is necessary for Wnt secretion, which is mediated by Porcupine enzyme in the endoplasmic reticulum. The palmitoylationmodified Wnt binds to Wingless multi-pass transmembrane protein in the Golgi, which transports Wnt to the plasma membrane and promotes Wnt secretion. Secreted Wnts can function in a paracrine and autocrine manner over a short distance of multiple cell diameters [9] . In addition, Wnts can spread over a long distance, despite their high hydrophobicity. There are two main hypotheses regarding how Wnts travel through the extracellular environment. One is that Wnt binds to the soluble secreted Wingless-interacting protein, which functions as an extracellular carrier for Wnt [10] . The second is that Wnts are transported on exosomes [11] . 1 . Mechanisms of radioresistance. In response to IR, ROS is elevated and elevated ROS or IR then leads to DNA damage. When damaged DNA or excessive ROS is greater than the toxic threshold, the apoptotic signaling pathway in cancers is activated, causing cell death. Thus, radioresistant cells may protect themselves from IR-induced damage by three possible methods: inhibiting ROS generation, promoting DNA damage repair, and antagonizing the apoptotic signaling pathway after IR treatment. Secreted Wnt binds to its receptors Frizzled (Frz) and low-density lipoprotein receptorrelated 5/6 (LRP5/6), inducing activation of canonical and non-canonical Wnt signaling pathways. Because most studies have focused on canonical Wnt signaling, which is more clearly understood than non-canonical Wnt signaling, we discuss only canonical Wnt signaling in this review. When Frz/LRP receptors are not engaged, casein kinase 1 (CK1) and glycogen synthase kinase 3 (GSK3) sequentially phosphorylate Axin-bound β-catenin, which results in the ubiquitination of β-catenin by β-transducin repeats-containing proteins. Subsequently, β-catenin is targeted for rapid destruction by the proteasome, preventing it from entering the nucleus [9] . When Wnts bind with their receptors, Axin and the cytoplasmic phosphoprotein Dishevelled are recruited to induce LRP6 phosphorylation [12] , which promotes Axin recruitment and β-catenin stabilization, thereby destroying the multiprotein destruction complex consisting of Axin, adenomatous polyposis coli protein, CK1α, and GSK3β. Stabilized β-catenin enters the nucleus, promoting multi-target gene transcription. Thus, Wnt signaling inhibits β-catenin ubiquitination instead of suppressing β-catenin phosphorylation. In this way, the destruction complex is saturated by phosphorylated β-catenin and newly synthesized β-catenin enters into the nucleus [13] . However, the mechanisms underlying β-catenin shuttling between the cytoplasm and nucleus have been a subject of debate. Although the results of many recent studies suggest that increased cytoplasmic levels of β-catenin lead to nuclear entry [9] , it has been shown that low levels of β-catenin are also sufficient for β-catenin relocalization [14] . Thus, further studies are needed on this issue. Once β-catenin enters the nucleus, it displaces Groucho and binds to lymphoid enhancer-binding factor/T-cell factor (LEF/TCF) proteins and other co-activators including B-cell lymphoma 9 protein, tissue-specific transcriptional activators, and histone modifiers such as BRG1, CREB-binding protein/p300, translocon-associated protein, MLL1/ MLL2, and SWR1, which cooperate to promote the activation of Wnt signaling (Fig. 2) [15] .
Although it is known that cancer cells play essential roles in cancer development, it is now well recognized that they require the support of cancer-associated fibroblasts. Endothelial cells, immune cells, adipocytes, or fibroblasts are recruited to establish tumor microenvironments, which cooperate with cancer cells to maintain most cancer hallmarks [16] . There is extensive crosstalk between cancer cells and stromal cells; Wnts function as mediators of cell-cell communication and are strictly regulated by the tumor microenvironment. For example, breast cancer cells secrete Wnt7a, which recruits and activates fibroblasts [17] . In response to Wnt3a secretion by breast cancer cells, mature adipocytes transform into adipocytederived fibroblasts through activation of the Wnt/β-catenin signaling pathway [18] . In addition, Wnts secreted by stromal cells affect cancer cells. Activated fibroblasts can directly secrete Wnt10B, which promotes endometrial cancer cell metastasis [19] or secretion of exosomes associated with cancer cell- derived Wnts to activate the Wnt/planar cell polarity pathway in cancer cells [20] . In the tumor microenvironment, Wnts always associate with other chemokines or growth factors to promote cancer progression. For example, the Wnt pathway is preferentially activated in tumor cells located close to stromal myofibroblasts, due to the fact that myofibroblastsecreted factors and hepatocyte growth factor activate β-catenin-driven transcription in CSCs [21] . Activation of Wnt/Ror2 signaling in mesenchymal stem cells promotes gastric cancer cell proliferation by stimulating the secretion of C-X-C motif ligand 16 (CXCL16) , which activates CXCL16/CXCR6 signaling in cancer cells [22] . Wnts, as important messengers, shuttle between cancer cells and stromal cells to promote cancer cell proliferation, invasion, metastasis, and cancer resistance to various treatments including radiation and drugs.
Wnt signaling induces radioresistance
Active Wnt signaling induces radioresistance in several human cancers including head and neck, breast, nasopharyngeal, esophageal, glioblastoma, and colorectal cancers [23] [24] [25] [26] [27] [28] . Here, we introduce the mechanisms of Wnt-induced radioresistance in detail. IR not only induces changes in cancer cells, but also remodels the tumor microenvironment. The coordination between cancer cells and the tumor microenvironment is necessary for radiation efficiency. The stroma plays a crucial role in determining the outcome of radiotherapy. Irradiated stromal cells promote cancer cell proliferation [29] . IR induces the expression of a wide spectrum of secreted cytokines and growth factors that strengthen the communication between cancer cells and stromal cells [30] . Wnts, as previously described, are important mediators of shuttling between these two cell types. It has been demonstrated that IR can induce Wnt secretion by both cancer cells and stromal cells. Enhanced Wnt expression in cancer by IR underlies the relationship between Wnts and acquired radioresistance. For example, IR-induced Wnt16B secretion by fibroblasts promotes the epithelial-mesenchymal transition (EMT) in prostate cancer cells and resistance to IR [30] . In addition, IR upregulates Wnt2B expression in nasopharyngeal cancer cells, which functions in autocrine signaling. Wnts are also involved in the communication among stromal cells. For example, IR-induced upregulation of Wnt16B in fibroblasts activates the canonical Wnt signaling pathway in dendritic cells and regulates the differentiation of regulatory T cells, thus inducing cancer immune evasion [31] .
In addition to the upregulation of Wnt protein by IR, several other factors function as Wnt signaling co-activators that induce radioresistance. For example, in response to DNA damage, proliferating cell nuclear antigen (PCNA)-associated factor PAF is segregated from PCNA and then recruits enhancer of zeste homolog 2 to the β-catenin transcriptional complex, thereby promoting Wnt signaling hyperactivation [32] . In retinoblastoma cells, telomerase is activated by damaged DNA [33] . Telomerase interacting with BRG1 binds to chromatin sites on the promoters of β-catenin-targeted genes [34] . So, there are similarities in gene expression regulation by telomerase and Wnt [35] . To sum up, after IR, Wnts and many other co-activators are induced in both cancer cells and stromal cells, which coordinate to protect cancer cells from IR-induced damage. Thus, to improve the efficiency of radiation, Wnt signaling may be an appropriate target.
Wnt signaling is associated with CSCs and EMT and promotes radioresistance
Multiple studies have suggested that CSCs have self-renewal capacity and multidifferentiation potential, which distinguishes them from non-tumorigenic cells with CSCspecific markers [36] . It is generally accepted that CSCs are tightly linked with tumor aggressiveness and treatment response, and that eliminating CSCs could cure cancer [1] . Because CSCs have advantages such as enhanced DNA repair capacity, high expression of ROS scavengers, and activation of anti-apoptotic signaling, they are thought to be closely Cellular Physiology and Biochemistry Cellular Physiology and Biochemistry associated with tumor radioresistance [37] . After exposure to IR, breast CSCs had lower levels of ROS concomitant with the increased expression of anti-oxidant systems such as glutathione S-transferase, which contributed to tumor radioresistance [38] . Activation of the DNA damage response (DDR) in glioma stem cells promotes radioresistance by preferential checkpoint activation of checkpoint kinase 1/2 (Chk1/2) [39] . In addition to intrinsic CSCs, non-stem cancer cells (NSCCs) may dedifferentiate into CSCs in response to IR, which contributes to the relapse and metastasis of cancer [40] . In 2012, Lagadec et al. observed that IR induced the enrichment of breast CSCs via promotion of stem cell-like properties in NSCCs [41] . These results were also demonstrated by Ghisolfi et al. in hepatocellular carcinoma cells [42] and by Wang et al. in breast cancer cells [42, 43] . Thus, CSCs are involved in both intrinsic and acquired radioresistance.
EMT is a developmental process that naturally occurs in the developing embryo [44] [45] [46] . It also plays an essential role in cancer invasion and metastasis. Cells undergoing EMT exhibit acquisition of mesenchymal traits with the upregulation of N-cadherin, vimentin, and transcriptional factors including Snail, Slug, zinc finger E-box-binding homeobox 1 (ZEB1), and ZEB2. There is also a close link between EMT and cancer cell stemness; cells undergoing EMT have the ability to express stem cell markers, thus maintaining the stem cell state [47, 48] . It is well known that cells resist chemotherapy during EMT [49] , so it is reasonable for cells to resist other types of damage including IR damage through EMT. For example, Snail and Slug inhibit p53-mediated apoptosis in response to IR, whereas ZEB1 promotes IR-induced DNA damage repair [50, 51] . Wnt/β-catenin signaling is implicated in IRinduced cancer stemness and EMT. Cancer stemness is not a rigid trait but can be modulated by the Wnt signaling pathway, which controls self-renewal and the multi-differentiation capacity of CSCs [21] . It has been suggested that after IR, Wnt helps to regenerate tissue and Wnt5a promotes glioblastoma stem cell differentiation [52] [53] [54] . The close link between Wnt signaling, cancer stemness, and EMT may be one mechanism underlying Wnt-induced radioresistance. For example, β-catenin/TCF upregulates aldehyde dehydrogenase, contributing to radioresistance of prostate cancer progenitor cells [55] . In addition, loss of Wnt signaling impairs recovery of CRCs from IR injury including elevated ROS and doublestranded DNA breaks (DSBs) [56] .
ROS
IR-induced ROS production is one of the key determinates of IR-induced cell death. High levels of ROS cause irreversible damage to cellular components such as proteins, nucleic acids, and lipids, which induces cell death. However, low levels of ROS, acting as second messengers, promote cancer proliferation and metastasis. To maintain ROS levels below the toxic threshold after IR is an important determinate of radiotherapy outcome [56] . ROS scavengers help clear excessive ROS in cancer cells to avoid ROS-induced DNA damage and sustain its oncogenic role. Thus, ROS are thought to be key mediators of radioresistance. It was reported that in the absence of β-catenin, expression of the hydrogen peroxide detoxifying enzyme catalase (CAT) was decreased and ROS levels were increased in cells after IR treatment, demonstrating that the Wnt signaling pathway plays a role in the regulation of oxidative stress [56] . β-catenin can protect against oxidative stress by controlling the balance between the TCF signaling pathway (mainly proliferative) and the forkhead box O (FOXO) signaling pathway (mainly stress response). The FOXO family of transcription factors regulates a variety of cellular programs including ROS scavenging via induction of antioxidant proteins such as manganese superoxide dismutase, CAT, and growth arrest and DNA damage-inducible gene 45. Cells are protected from ROS damage induced by IR through the upregulation of FOXO. For example, it was reported that FOXO promoted glioblastoma stem cell survival after IR [57] . Under oxidative stress, β-catenin regulates FOXO, and its binding to FOXO increases under conditions of oxidative stress. However, when ROS levels are controlled and are no longer toxic, β-catenin may regain binding with TCF, thus promoting cancer cell proliferation. 
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DNA damage repair
IR generates various types of DNA damage including single-stranded DNA breaks and DSBs, the most toxic of which are DSBs. Components of DDR are considered to be biomarkers of radiosensitivity [58] . If damaged DNA cannot be removed or repaired, DDR can trigger cell death. The DDR is activated in the presence of DNA lesions. The DDR occurs in three steps: recognition of DNA damage lesions, signal transduction, and DNA damage repair [59] . In the process of DSB repair, MRE11/RAD50/NBS1 and telomeric repeat-binding factor 2 recognize DSBs and then recruit ataxia telangiectasia mutated serine-protein kinase (ATM), ataxia telangiectasia and Rad3 related protein kinase (ATR), and DNA-dependent protein kinase, catalytic subunits (DNA-PKcs) to amplify and transduce damage signals to downstream effectors. In addition, chromatins are always remodeled to facilitate accessibility of the repair machinery. For example, ATM/ATR/DNA-PKcs mediate phosphorylation of serine 139 of the histone H2A variant, H2AX, on chromatin-flanking DSB sites. This causes ubiquitin adduct formation in such regions, after which DDR factors are recruited to promote DSB repair [60] . After receiving DNA damage signals, DNA repair pathways such as the p53 signaling pathway are activated. DSBs are repaired by two major pathways: homologous recombination (HR) and non-homologous end joining (NHEJ) (Fig. 3) . HR always occurs in the G2 and S phases, whereas NHEJ is cycle-independent. RAD51, RAD51/B/C/D, breast cancer type 1 (BRCA1), BRCA2, x-ray repair cross complementing 2 (XRCC2), and XRCC3 are responsible for HR, whereas KU70 (XRCC6), KU80 (XRCC5), DNA-PKcs, DNA ligase IV (LIG4), and XRCC4 are involved in NHEJ [61] . Both HR and NHEJ machineries repair DSBs, and the choice of the appropriate DSB repair pathway is key to maintaining genome stability. NHEJ is the only choice in the G1 phase when phosphorylated 53P1 recruits replication timing regulatory factor 1 (RIF1) to DSB sites to prevent 5' end resection. When cells enter the S phase, BRCA1 interacts with ubiquitin-like with PHD and ring finger domains 1 to remove RIF1 from DSB sites, ultimately promoting HR.
DNA damage checkpoint responses
The DDR is always accompanied by the decrease or arrest of the cell cycle, which increases the time available for DNA repair. Preferential checkpoint activation like Chk1/2, ATM, and ATR is necessary for cancer cells Fig. 3 . Wnt-induced DNA damage repair. IR-induced DSBs activate the DDR in cancer cells: DNA damage recognition, DNA damage checkpoint response, and DNA repair mainly including NHEJ and HR. MRE11/ RAD50/NBS1 functions as DSB sensors, recruiting ATM and ATR, which activate the DNA damage checkpoint response. DNA repair is then activated in both p53-dependent and p53-independent manners. Active Wnt signaling is involved in each step of the DDR. β-catenin upregulates MRE11 expression, which promotes DNA damage recognition. Wnt signaling targeted genes c-Myc activates ATM and Chk1/2, thus activating the DNA damage checkpoint response. Furthermore, β-catenin upregulates ARF, which binds to and inactivates MDM2, leading to the activation of p53. In addition, active Wnt signaling upregulates NHEJrelated proteins including LIG4, KU70, and KU80 and c-Myc promotes HR-related protein expression such as RAD51. to induce cell-cycle arrest to repair damaged DNA. Thus, regulation of the cell cycle is an essential part of the DDR. The ability of Wnt signaling to coordinate cell cycle progression and DNA damage repair determinates radiosensitivity of cancer cells. However, downstream targets of the β-catenin/TCF signaling pathway including c-Myc and cyclin D1 stimulate cell cycle progression, which antagonizes DNA damage checkpoint responses. It is necessary for β-catenin to coordinate DNA damage repair and cell cycle progression. To solve this contradiction, Wnt signaling may experience a series of changes to make it optimal for cell survival. There are two possible explanations. The first is that c-Myc promotes cell cycle progression. However, under genotoxic stress, genes transcriptionally activated by c-Myc tend to be DNA damage checkpoint kinase such as Chk1/2, which induces cell cycle arrest [62] (Fig. 3) . In addition, upon exposure to IR, c-Myc plays a crucial role in the activation of ATM checkpoints [63] . Another explanation is totally contrary to the first, namely, that the proliferative role of Wnt signaling is temporally inhibited in response to IR by three possible manners. First is the temporal degradation of β-catenin. p53, as an important component of DNA repair system, is always activated in response to DNA damage agents. p53 plays an important role in degrading β-catenin. p53 could promote seven in absentia homolog 1 (SIAH1) expression. Then β-catenin is degraded by SIAH1, which induces cell cycle arrest contributing to DNA repair [64] . The second possibility is the disconnection of β-catenin from TCF-4, which is regulated by DNA damage recognition. Under normal circumstances, poly(ADP-ribose) polymerase-1 (PARP-1) binds to β-catenin, activating the β-catenin/TCF signaling pathway. In response to DNA damage, PARP-1 polyADP-ribosylates its own automodification domain, which leads to its disassociation from TCF and allows KU70 interaction with TCF-4. The interaction between KU70 and TCF-4 disrupts the association between β-catenin and TCF-4, thus inhibiting c-Myc transcription [65] . In addition, multiple molecular events can compete with TCF-4 and LEF-1 interaction with β-catenin. In response to hypoxia, β-catenin preferentially interacts with hypoxia inducible factor 1 alpha (HIF-1α) compared with TCF-4. As a result, HIF-1α-targeted genes are upregulated and c-Myc and cyclin D1 are downregulated [66] . FOXO, another TCF-4 competitor, is also involved in separating β-catenin from TCF-4. The β-catenin/FOXO signaling pathway inhibits cell cycle progression through the upregulation of p27kip1 and p130 and the downregulation of cyclin D1 [67, 68] . Thus, β-catenin plays a crucial role in balancing the positive (through TCF) and negative (through FOXO) regulation of cell cycle progression under conditions of radiation, and the transition is partly regulated by DNA damage recognition systems. The third possibility is occurrence of the adjustment of promoter selectivity by β-catenin-TCF-4. In the process of DNA damage repair, c-Myc and cyclin D1 may be inhibited while DNA repair-promoting genes are activated transcriptionally. It is demonstrated that β-catenin/LEF-1 upregulates Mre11 expression, which induces DNA damage recognition upon exposure to IR [69] . However, inhibition of Wnt signaling in promoting proliferation is temporal. Upon the completion of DNA damage repair, the β-catenin/TCF signaling pathway would be reactivated and cancer cells resume proliferation, which induces the failure of radiotherapy.
p53-dependent and p53-independent DNA repair pathway
Extensive crosstalk exists between p53, a classical DNA damage repair regulator, and the Wnt/β-catenin signaling pathway, primarily through the actions of their target genes. Stabilization of β-catenin by the Wnt signaling pathway results in upregulation of the ADP ribosylation factor (ARF) tumor suppressor protein, which leads to the inactivation of mouse double minute 2 homolog (MDM2). Because MDM2 plays a role in degrading p53, MDM2 inactivation triggers the cellular p53 response. However, p53 is always mutant in cancer cells; thus, the p53-independent DNA repair pathway seems necessary for DNA damage repair in cancer. It is well recognized that β-catenin, a crucial transcriptional factor, controls multiple gene expression including DNA repair-related genes. β-catenin is involved in both NHEJ and
HR machineries. For example, β-catenin promotes LIG4 expression in a p53-independent manner [5] , thus promoting the NHEJ-mediated repair of DSBs. β-catenin also upregulates KU70/KU80 by regulating cyclooxygenase 2 and AMP-activated protein kinase in response to IR [70] . C-Myc, an important β-catenin-targeted gene, is involved in DSB repair. The chromatin immunoprecipitation assay has demonstrated that c-Myc binds to the promoters of several HR-and NHEJ-related genes including RAD51, BRCA1, BRCA2, DNA-PKcs, XRCC4, KU70, and LIG4. However, only RAD51 is regulated by c-Myc [71] (Fig. 3) .
Apoptosis
Even though damaged DNA is not repaired successfully, there is still a final barrier to resist cell death. Radioresistant cancer cells can increase their tolerance to DNA damage by elevating the toxicity threshold by such actions as downregulating apoptotic signaling pathways and upregulating pro-survival signaling pathways. Resisting apoptosis, a hallmark of cancer, is an important obstacle to various anti-cancer treatments. Apoptotic signaling pathways mainly comprise intrinsic and extrinsic signaling pathways. The intrinsic apoptotic signaling pathway mainly integrates various signals in cancers, triggering cytochrome c release from the mitochondria, after which caspase 9 is activated. The extrinsic apoptotic signaling pathway, however, recognizes and transduces extracellular death signals such as Fas and TNF-related apoptosis-inducing ligand (TRAIL) through Fas ligand and death receptor 5 (DR5), respectively, ultimately activating caspase 8. Then a proteolysis cascade is initiated and caspase 3 is activated to execute apoptosis [72] . B-cell lymphoma 2 (Bcl-2) family members, as important apoptosis regulators, are involved in the determining the fate of cancer cells (death or survival). Bcl-2 family members mainly include pro-apoptotic proteins such as Bax and Bak, anti-apoptotic family members, and BH3-only proteins. Antiapoptotic Bcl-2 proteins bind to pro-apoptotic proteins to inhibit them, disrupting the integrity of the outer mitochondrial membrane and the release of cytochrome c. However, BH3-only proteins promote apoptosis by interfering with the interaction between antiapoptotic proteins or facilitating the interaction of pro-apoptotic Bcl-2 family members [72, 73] .
Upon exposure to IR, levels of ROS and damaged DNA are always elevated. When they are increase above the toxicity threshold, apoptosis is initiated. IR-induced apoptosis involves both intrinsic and extrinsic apoptotic signaling pathways. Several studies have suggested that Fas and FasL, TRAIL, and DR5 are induced by IR [74] [75] [76] [77] . Bcl-2 family members, as key modulator of the intrinsic apoptotic signaling pathway, also play an important role in IR-induced apoptosis. For example, the ratio between Bcl-2 and Bax levels determine the sensitivity of cancers to IR [78] . p53 is not only involved in DNA repair, but is also involved in apoptosis. If damaged DNA cannot be completely repaired, p53 may trigger apoptotic signaling pathways in cancer by upregulating the BH3-only proteins Noxa and Puma [51] . However, the pro-survival and anti-apoptosis signaling pathways in cancers compete with apoptotic signaling pathways to help resist apoptosis, which finally increases the death threshold, providing more time for cancers to clear excessive ROS and repair damaged DNA. The Wnt/β-catenin signaling pathway, as a pro-survival signaling pathway, creates extensive crosstalk with other pro-survival signaling pathways such as phosphoinositide 3-kinase (PI3K)/Akt, mitogen-activated protein kinase, and signal transducer and activator of transcription (STAT) signaling pathways. Upon exposure to IR, pro-survival signaling pathways protect cancer cells from IR-induced damage. It is well recognized that PI3K/ Akt signaling promotes activation of Wnt signaling via inhibition of GSK-3β. At the same time, Wnt signaling interferes with PI3K/Akt signaling [79] . Resistance reversal with PI3K/ Akt inhibitor and Wnt signaling inhibitors demonstrates the coordination between PI3K/ Akt and Wnt signaling [80] . In addition, on one hand, STAT3 is involved in the activation of Wnt signaling in colorectal cancer [81] . On the other hand, STAT3 is transactivated by the β-catenin/TCF complex [82] . All of these reports demonstrate the tight correlation between Wnt signaling and other pro-survival signaling pathways. Given the crosstalk among these pro-survival signaling pathways, combination therapy seems necessary.
Wnt signaling is implicated in the regulation of apoptosis [4] . The association between Wnt signaling and apoptotic signaling has been identified in multiple studies. For example, some apoptotic stimuli promote cancer apoptosis by antagonizing Wnt-mediated survival signaling by cleaving β-catenin [83] . FAS-associated factor 1, a component of the Fas deathinducing signaling complex, promotes apoptosis by degrading β-catenin [52] . On the other hand, Wnt signaling impacts apoptotic components. It has been demonstrated that Wnt1 signaling inhibits cancer therapy-induced apoptosis by inhibiting cytochrome c release and activation of caspase-9 [84] . In addition, inhibition of β-catenin in head and neck squamous cell carcinoma (HNSCC) induced the activation of caspase-3, increased p53 and the proapoptotic protein Bax, and reduced the anti-apoptotic protein Bcl-2 [86] . Wnt-1-induced secreted protein, as an important downstream target gene of Wnt1/β-catenin signaling, prevents p53-mediated apoptosis, inhibits the mitochondrial release of cytochrome c, and elevates the expression of anti-apoptotic protein Bcl-X L in cancer [52] . Also, Wnt signaling promotes survivin expression in colon cancer [85] . Thus, the close link between Wnt and apoptotic signaling demonstrates that Wnt signaling plays a crucial role in the regulation of apoptosis.
Conclusion
Given the pivotal role of radiotherapy for some cancers like head and neck and esophageal SCC, radiosensitization has garnered an increasing amount of interest. In phase 3 clinical trials, radiation in combination with the molecular-targeted epidermal growth factor receptor (EGFR) inhibitor cetuximab led to a survival benefit of 10% in patients with HNSCC [3] . Delayed EGFR nuclear accumulation by downregulation of caveolin-1 increased radiosensitivity in breast cancer [86] . In preclinical models, PI3K/mTOR inhibitor enhances HNSCC radiosensitivity [87] . Thus, exploring molecular-targeted modifiers associated with radiosensitivity is warranted. Multiple lines of evidences have demonstrated that Wnt signaling may be a target for radiosensitization. Upon exposure to IR, Wnt signaling is activated and protects cells from death by promoting ROS scavenging and DNA damage repair, and inhibiting apoptosis. Thus, it is reasonable that combining radiation and Wnt signaling inhibitors may attenuate IR-induced Wnt signaling activation. At the same time, Wnt inhibitors attenuate IR-induced EMT and stem properties acquisition, thus promoting cell death after IR. Above all, Wnt signaling is an important protective mechanism for cells in response to IR, and targeting the Wnt signaling pathway may be a useful strategy for increasing radiosensitivity. Table 1 lists some of the small molecules that inhibit the Wnt pathway. As examples, iCRT14 enhances radiosensitivity in colon cancer [5] and FH535 promotes esophageal cancer radiosensitization [88] . These data illustrate that Wnt signaling is a good target for radiosensitization, and that a Wnt signaling inhibitor may be appropriate to test in future clinical trials. 
